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f-actinase the cytosolic free Ca2+ concentration ([Ca2+]c) by Ca2+ inﬂux and by
stimulating Ca2+ release from intracellular stores, mainly the endoplasmic reticulum and to a lesser extent also
later compartments of the secretory pathway, particularly the Golgi. The Golgi takes up Ca2+ via Sarco/En-
doplasmic Reticulum Ca2+ ATPases (SERCAs) and the Secretory-Pathway Ca2+ ATPases (SPCAs). The
endogenous expression of SERCAs and SPCAs neutrophils was demonstrated by Western blotting and
immunocytochemistry. Up till now, all cytosolic Ca2+ transients due to intracellular Ca2+ release have been
found to originate from SERCA-dependent stores. We found that human neutrophils also present Ca2+ release
from a SERCA-independent store. Changes in [Ca2+]c of neutrophils were investigated during chemokinesis
induced by chemotactic factors in Ca2+-free solution with and without the SERCA-speciﬁc inhibitor
thapsigargin. Using N-formyl-methionyl-leucyl-phenylalanine or interleukin-8 as agonists, Ca2+ release from
intracellular stores was observed in respectively about 40% and 20% of the neutrophils pre-treated with Ca2+-
free solution and thapsigargin. In the latter condition, 20–30% of the cells preservedmigratory behaviour. These
results indicate that both SERCA-dependent and SERCA-independent (presumably SPCA-dependent)
intracellular Ca2+ stores contribute to Ca2+ signaling during chemokinesis of human neutrophil granulocytes.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Neutrophil granulocytes are short-lived (half life 15 h), terminally
differentiated cells that are a major component of the non-speciﬁc
immune response and play a key role in host defence and
inﬂammatory responses [1]. Thereto neutrophils generate reactive
oxygen species, release proteases and increase the surface expression
of a set of cell-adhesion molecules mediating adhesion to vascular
endothelium and transmigration into the tissues [2]. The intracellular
signaling route controlling these functions includes an increase in
[Ca2+]c by Ca2+ release from intracellular stores and capacitative Ca2+
entry [3]. Human neutrophils respond to a range of chemotactic
factors such as the bacterial peptide N-formyl-methionyl-leucyl-
phenylalanine (fMLP), interleukin-8/CXC chemokine ligand 8 (IL-8)
and leukotriene B4 [4]. fMLP released by microorganisms stimulates
human neutrophils by acting on a high-afﬁnity G-protein-linked
chemotactic receptor, the formyl-peptide receptor, which results in
the activation of inositol 1,4,5-trisphosphate (IP3) receptors via2+-transport ATPases, Campus
uven, Belgium. Tel.: +32 16
Vanoevelen).
ll rights reserved.G-protein-dependent activation of phospholipase C (PLC) with an
accompanying increase of [Ca2+]c [5]. Similarly to fMLP, IL-8 triggers
Ca2+ release from intracellular stores via opening of IP3 receptors [6].
Elevated [Ca2+]c triggers the secretion of granules and permits
the reorganization of the cytoskeleton required for the migration
of neutrophils [7].
In most cell types the endoplasmic reticulum (ER) is considered to
be the major agonist-sensitive Ca2+ store [8,9], which accumulates
Ca2+ via the SERCAs. The Golgi compartment represents a hetero-
geneous structure that comprises several sub-compartments. It is
widely accepted that also the Golgi cisternae accumulate Ca2+, both
via the SERCA pumps and the SPCAs [10]. In humans, there are three
SERCA genes (ATP2A1 to 3), encoding respectively SERCA1 to 3 with
each isoform comprising different splice variants. SERCA2b functions
as a housekeeping pump. SERCA3 has a more limited tissue
distribution and mainly occurs in epithelial and blood cells [11].
Mammals express two SPCA genes (ATP2C1 and ATP2C2) encoding
respectively SPCA1 and SPCA2 [12]. Unlike SERCAs, SPCAs have similar
afﬁnities for Ca2+ and Mn2+ [13,14]. Therefore, SPCAs are considered
to be essential in supplying the lumen of the Golgi complexwithMn2+
which, together with Ca2+, is a necessary cofactor for various Golgi-
speciﬁc transferases. In the sub-compartments of the secretory
pathway, luminal Ca2+ is important for membrane trafﬁcking, cargo
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Ca2+ represents an important source of activator Ca2+ that is released
into the cytosol upon agonist stimulation [8]. Towhat extent release of
the Golgi luminal Ca2+ can also control cytosolic processes is less
clear. A possible contribution of the Golgi complex to the modulation
of [Ca2+]c could only be detected in some cell types and its
physiological function is not well understood [15,16]. In all these
cases, IP3-producing agonists have been reported to mobilize only the
SERCA-dependent part of the Golgi Ca2+ stores [10,17].
Thapsigargin (TG) is a speciﬁc and irreversible inhibitor of SERCAs
in the nanomolar concentration range [18]. Therefore, TG is a useful
tool to investigate the role of SERCA-dependent and independent
stores in Ca2+ signaling. In this study, we report that the human
neutrophil possess a SERCA-independent Ca2+ store that can be
released upon agonist stimulation. The human neutrophil granulocyte
is the ﬁrst cell type in which such a Ca2+ store could be identiﬁed.
2. Materials and methods
2.1. Preparation of neutrophils from human blood
Mononuclear cells of humanperipheral bloodwere separated from
polymorphonuclear cells and erythrocytes by density-gradient cen-
trifugation (30 min, 400 ×g) on Ficoll-sodium diatrizoate from
Lymphoprep (Nycomed Pharma, Norway). Then neutrophil granulo-
cytes were separated from erythrocytes by sedimentation of the
polymorphonuclear cell pellet in Plasmasteril hydroxyethyl starch
(Fresenius, Germany) for 30 min at 37 °C. The residual erythrocytes
were removed by lysis in bi-distilled water for 30 s [19]. Cells can be
used for experiments up till 2 h after isolation.
2.2. Preparation of microsomes from neutrophil granulocytes
Microsomes were prepared as described before [20]. Neutrophils
contain abundant neutral proteases. Therefore 2 μM diisopropylﬂuor-
ophosphate (Sigma-Aldrich, Bornem, Belgium) was applied as an
additional protease inhibitor besides 5% (v/v) of complete protease-
inhibitor cocktail (Roche Diagnostics, Mannheim, Germany) [21].
2.3. Cell culture
HeLa epithelial cells were obtained from the American Type
Culture Collection (Rockville, MD, USA) and grown in Ham's F-12
medium supplemented with 10% fetal calf serum. The cells were
plated at a density of 15,000 cells/cm2 in coverglass chambers (Nunc
Inc., Naperville, IL, USA) and investigated 1 day later.
2.4. Immunocytochemistry
Cells were washed in phosphate-buffered saline (PBS) (Invitrogen,
Merelbeke, Belgium) and ﬁxed with 4% paraformaldehyde (Merck,
Darmstadt, Germany) in PBS for 15 min at room temperature (RT).
Subsequently, neutrophils were spun down at 800 rpm for 10 min
(Cytospin3, Shandon, TechGen, Zellik, Belgium) to attach them to
glass coverslips. Cells were then permeabilized by incubation in 0.2%
Triton X-100 (Roche Diagnostics) for 2 min at RT. After three washes
with PBS, non-speciﬁc protein binding was blocked by incubating in
PBS containing 3% bovine serum albumin (BSA) (Sigma-Aldrich) and
1:100 normal goat serum for 1 h. Antisera against hSPCA1 [22]
(1:1000), hSPCA2 [23] (1:1000), hSERCA3 [24] (1:1000) or hSERCA2b
(1:1000) [25] were diluted in 1% BSA in PBS and applied for 1 h,
followed by three washes with PBS. As negative controls, coverslips
were incubated with pre-immune serum at the same dilution as the
immune serum. The anti-golgin-97 (1:1000) antibody (Invitrogen)
was used to identify the Golgi apparatus. Secondary antibodies were
goat anti-mouse Alexa Fluor 488 or goat anti-rabbit Alexa Fluor 594(Invitrogen) administered in 1% BSA in PBS supplemented with
100 μg/ml 4′,6-diamidino-2-phenylindole (DAPI; Invitrogen) nuclear
stain and incubated for 1 h. Finally, cells werewashed three timeswith
PBS and the coverslips were mounted in Vectashield (Vector
Laboratories, CA, USA) to inhibit photobleaching and sealed with
nail polish. The slides were examined on a Zeiss LSM 510 META laser
scanning confocal microscope (Carl Zeiss, Jena, Germany) using a
63X/1.4 Plan Apochromat oil immersion objective (Carl Zeiss). Alexa
488 was excited at 488 nm with an Ar laser. Emission was collected
with a 490 nm dichroic mirror and a 525/25 BP ﬁlter. Alexa 594 was
excited with a He/Ne 543 nm laser. Emission was collected with a
545 nm dichroic mirror and a 560 nm LP ﬁlter. DAPI was excited at
720 nm with a Mai Tai two-photon laser and ﬂuorescence was
collected via a 460/25 nm BP ﬁlter. For acquisition the Zeiss LSM 510
META software was used. Image transfer and processing was done
with Image J Java-based freeware.
2.5. Western blotting
Microsomal proteins were separated on NuPage™ Tris-Bis 4–12%
gradient gels (Invitrogen). After electrophoresis, the separated
proteins were transferred to Immobilon-P membranes (Millipore
Corporation, MA, USA). The blots were quenched in TBST (Tris-
buffered saline containing 0.3% Tween) supplemented with 5% (w/v)
non-fat dry milk. After three washes in TBST, incubation with the
primary antibody (respectively polyclonal hSPCA1 (1:1000), poly-
clonal hSPCA2 (1:500) in TBST containing 1% non-fat dry milk was
performed overnight at 4 °C. After labeling with the secondary
antibody coupled to alkaline phosphatase, the labeled bands were
detected using Vistra ECF (GE Healthcare, Buckinghamshire, UK) as a
substrate. The ﬂuorescence was detected using a STORM 840 scanner
(GE Healthcare) in combination with ImageQuant software (GE
Healthcare). The molecular weight of the proteins was determined
by using the Magic Mark protein marker (Invitrogen).
2.6. Live-cell imaging
To visualize the Golgi apparatus in live cells, cells were loaded with
Bodipy TR ceramide (Invitrogen) at a concentration of 5 μM. For
excitation, the 543 nm line of the He/Ne laser was used and
ﬂuorescence was collected via a 545 nm dichroic mirror and a
560 nm LP ﬁlter at RT on the Zeiss LSM 510 META confocal microscope
using a 63X/1.4 Plan Apochromat oil immersion objective (Carl Zeiss).
2.7. Cytosolic Ca2+ measurements
We used the Ca2+ probe Fura-2 to detect any cytosolic Ca2+
responses that would resist incubation in Ca2+-free solution in
combination with TG pre-treatment. Because of the short lifespan of
neutrophils, the duration of the experiment was shortened by loading
the cells with Fura-2 (2.5 μM Fura-2-AM, Invitrogen) during the
30 min attachment period. Cells were plated at a density of
2×106 cells/cm2 in coverglass chambers (Nunc Inc.) at 37 °C in
modiﬁed Krebs solution (135 mM NaCl, 5.9 mM KCl, 1.2 mM MgCl2,
11.6 mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
(HEPES; Sigma-Aldrich) pH=7.3, 11.5 mM glucose and 1.5 mM
CaCl2). Cells were examined with an Olympus IX81 motorized
inverted ﬂuorescence microscope using an UApo/340 40X/1.35 oil
objective and operated by Cell^R software (Olympus). For excitation,
340 and 380 nm ﬁlters were used and emission was recorded using a
530 nm emission ﬁlter. All experiments were performed at 37 °C.
Frames were taken every 4 s for 5 min. Due to the weak attachment
and vulnerability of neutrophils no perfusion was used and the Ca2+
signal was not calibrated.
Changes in [Ca2+]c that are speciﬁcally due to Ca2+ release from
intracellular stores were elicited by application of 0.1 μM fMLP or
Fig. 1. Sub-cellular localization of the Golgi apparatus in human neutrophil
granulocytes. Confocal images of non-stimulated neutrophil granulocytes stained
with the vital Golgi marker (Bodipy TR ceramide) (A) and ﬁxed neutrophils stained
with anti-golgin-97 antibody (green) and DAPI nuclear stain (blue) (C). Staining of
HeLa cells with the vital Golgi marker (B) and with the anti-golgin-97 antibody (green)
and DAPI (blue) (D) reveals the typical distribution of the Golgi complex near the
nucleus. (Scale bar=10 μm).
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modiﬁed Krebs solution containing 2 mM ethylene glycol-bis(2-
amino-ethylether)-N,N,N'N'-tetra-acetic acid (EGTA; Sigma-Aldrich).
The short lifespan of neutrophils does not allow the inhibition of
SERCAs or SPCAs using siRNA. A speciﬁc inhibitor of SPCAs is not yet
available. However, SERCAs can be inhibited speciﬁcally by low
concentrations of TG. TG (Sigma-Aldrich) was applied in modiﬁed
Krebs solution for 30 min at RT. The use of Ca2+-containing solution
during the application of TG was required to avoid the detachment of
the cells from the substrate. After 30 min, the solutionwas changed to
Ca2+-free modiﬁed Krebs solution and the agonists were applied
5min later. TGwas used at 100 nM or 10 μM. At the low concentration,
the effect is SERCA-speciﬁc and changes in [Ca2+]c can only be caused
by Ca2+ release from SERCA-independent intracellular stores.100-fold
higher concentrations of TG (10 μM) also inhibit SPCA Ca2+ pumps in
addition to SERCAs [26,27].
2.8. Shape change
In addition to the dependence of the Ca2+ signal itself on various
sources of Ca2+, we also wanted to investigate the functional
importance of these Ca2+ signals by studying Ca2+-dependent
cellular responses like motility. Since a speciﬁc inhibitor of the
SPCA pump is not yet available, we used incubation with the Ca2+
chelator 1,2-bis(2-aminophenoxy)ethane-N,N,N',N'-tetraacetic acid-
acetoxymethylester (BAPTA) (100 μM BAPTA-AM; Invitrogen) as a
tool to suppress all Ca2+-dependent responses. Any responses
exceeding in amplitude the basal level observed after BAPTA
treatment can be ascribed to a Ca2+-dependent but TG-independent
effect. Shape change experiments were performed as described by
Gouwy et al. [28]. Human neutrophils (0.6×106 cells/ml) were
diluted, divided in four aliquots, each of which was incubated for
30 min at 37 °C in different solutions: 1. Hank's balanced salt solution
(HBSS; Invitrogen) supplemented with 10 mM HEPES and 2 mM
CaCl2; 2. HBSS supplemented with 10 mM HEPES and 2 mM EGTA
(Ca-free HBSS); 3. Ca-free HBSS containing 100 nM TG; and 4. Ca-free
HBSS containing 100 nM TG and 100 μM BAPTA-AM. Note that in
these experiments the incubation with TG could be done in Ca2+-free
solution because the experimental procedure does not require
attachment of the cells. Subsequently, cells were incubated in a 96-
well microtiter plate in the presence of HBSS supplemented with
10 mM HEPES (control) or chemoattractant solutions (0.1 μM fMLP in
HBSS supplemented with 10 mM HEPES). At 6 min incubation time,
the cells were ﬁxed by adding an equal volume of HBSS/HEPES buffer
containing 4% paraformaldehyde. Changes in the cellular shape of
neutrophils were microscopically evaluated. Differential cell counts
(round, protruding) for each treatment were obtained from three
microscope ﬁelds (each∼100–150 cells).
2.9. Analysis of cellular migration
To assess cytokinetic activity, cells were loaded with 2.5 μM Fura-
2-AM and stimulated with 0.1 μM fMLP. Cells were followed by time-
lapsemicroscopy for 5min. Frameswere taken every 4 s. At time 0, the
places of attachment of the neutrophils weremarked (original place of
attachment). The area occupied after 5min (ﬁnal place of attachment)
was compared to the original position. If there was no or minor (b5%)
overlap between the original and the ﬁnal areas of attachments, cells
were counted as having migrated.
2.10. F-actin staining
Cells were stimulated with 0.1 μM fMLP in Ca2+-free modiﬁed
Krebs solution using three different conditions: 1. no pre-incubation 2.
pre-incubation for 30 min with 100 nM TG or 3. pre-incubation for
30 min with 100 nM TG and 100 μM BAPTA-AM. After the pre-incubation, cells were stimulated for 3 min at 37 °C and then ﬁxed
with 4% paraformaldehyde in PBS for 15 min at RT. Cells were then
washed twice with PBS and permeabilized by incubation in 0.2%
Triton X-100 for 5 min at RT, again washed twice with PBS and
incubated with PBS containing 1% BSA for 20 min at RT. Then cells
were stained with 10 U NBD-phallacidin (N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)-phallacidin, Invitrogen) in 250 μl PBS containing 1% BSA
for 20 min at RT. After two washes in PBS, ﬂuorescence was visualized
with a Zeiss 510 META confocal microscope. The dye was excited at
488 nmwith an Ar laser and emissionwas observed through a 490 nm
dichroic mirror and a 525/25 BP ﬁlter.
2.11. Statistical analysis
Values fromn different experiments are given asmean±s.e.m. The
cell counts of cell shape change were single-blind experiments.
Statistical signiﬁcance was determined by one-way ANOVA-test using
the Origin 7.0 program. P less than 0.005 (⁎⁎) was considered as
signiﬁcant and P less than 0.0005 (⁎⁎⁎) as highly signiﬁcant.
3. Results
3.1. Fluorescence microscopic subcellular localization of the Golgi
apparatus in human neutrophil granulocytes reveals an
atypical distribution
To locate the sub-cellular position of the Golgi apparatus in non-
stimulated living neutrophils and in ﬁxed cells we used respectively
Bodipy TR ceramide, a selective vital Golgi marker [29] and an
antibody against a peripheral membrane protein, golgin-97, which is
found on the cytoplasmic face of the Golgi apparatus. In the majority
Fig. 2. Endogenous expression of hSPCA1 and hSPCA2 in neutrophil granulocytes.
Western blots were probed with hSPCA1-speciﬁc antibody (1:1000) (lane 2) and with
hSPCA2-speciﬁc antibody (1:500) (lane 4). Both signals were abolished when the
antisera were pre-incubated with 10 μg (hSPCA1, lane 3) or 20 μg (hSPCA2, lane 5) of
the corresponding immunogen. The lanes were loaded with 25 μg of neutrophil
microsomes. Lane 1 contains the molecular-weight protein marker.
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central localization of the Golgi apparatus, situated between the
nuclear lobes (Fig. 1A). Conversely, the anti-golgin-97 marked
predominantly the peripheral zone of the ﬁxed cells (Fig. 1C) and in
about one third of the cells a central area as well. To compare both
stainingmethods in cells presenting a classical Golgi localization, HeLa
cells were used. A typical juxta-nuclear Golgi complex was found in
both live and ﬁxed cells (Fig. 1B and D).Fig. 3. The sub-cellular distribution of hSPCA1, hSPCA2, hSERCA2b and hSERCA3 in non-stim
hSPCA2 (1:1000, red) (D), anti-hSERCA3 (1:1000, red) (G) and anti-hSERCA2b (1:1000, re
nuclear dye (blue) (B,I,H,J). Images of controls using pre-immune serum of hSPCA1 (C) and h
anti-hSERCA2b (1:200, green) (L). (Scale bars=10 μm).3.2. Both hSERCA and hSPCA pumps are present in the central as well as
the peripheral Ca2+ stores in neutrophils
The endogenous expression of SPCA1 and SPCA2 pumps in
neutrophils was investigated by Western-blot analysis of microsomal
proteins prepared from neutrophil granulocytes. One of the SPCA1-
immunoreactive bands migrated with the predicted electrophoretic
mobility of about 100 kDa (Fig. 2, lane 2). Another band of even higher
intensity was observed around 190–200 kDa, which probably
represents a dimerized form of the pump. The speciﬁcity of the
bands was shown by their suppression upon pre-incubation of the
serum with the corresponding immunogen (Fig. 2, lane 3) [22]. The
immunoreactive band of SPCA2 migrated with an electrophoretic
mobility of about 100 kDa (Fig. 2, lane 4), which is in agreement with
the predicted molecular weight of 103 kDa [30]. The speciﬁcity of the
band was proven by its suppression by pre-incubation of the serum
with the immunogenic peptide (Fig. 2, lane 5).
Immunocytochemistry was used to reveal a potential differential
sub-cellular distribution of both SPCA isoforms in non-stimulated
human neutrophil granulocytes. The distribution patterns of SPCA1
and SPCA2 antibodies were compared to that of a Golgi-marker
(golgin-97) in double-stained cells. Both SPCAs were found to be
localized at the cell periphery and in between the lobes of the nucleus
(Fig. 3A and D). The labeling also largely co-localized with the Golgi
marker (Fig. 3B and E). Control cells incubated with the pre-immuneulated neutrophil granulocytes. Confocal images of anti-hSPCA1 (1:1000, red) (A), anti-
d) (I). The corresponding overlay with anti-golgin-97 (1:1000, green) and with DAPI
SPCA2 (F). Confocal images of HeLa cells stained with anti-hSPCA1 (1:1000, red) (K) or
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compared to that of SERCA3, an isoform characteristic for blood and
endothelial cells [11] and the housekeeping isoform SERCA2b. SERCA3
aswell as SERCA2bwere localized at the cell periphery and in between
the lobes of the nucleus, similar to the localization of SPCAs (Fig. 3G
and I). Both SERCAs were largely co-localized with the Golgi marker as
well (Fig. 3H and J). In control HeLa cells the SPCA1 and SERCA2b
antibodies showed respectively the typical Golgi (Fig. 3K) and ER
(Fig. 3L) staining pattern.
3.3. Agonist-stimulated Ca2+ release in neutrophils includes an
important SERCA-independent component
Chemoattractant stimulation of neutrophils leads to the produc-
tion of intracellular second messengers such as cyclic nucleotides,
IP3, diacylglycerol and a transient increase in [Ca2+]c [31]. fMLP
(0.1 μM), a bacterial peptide, or IL-8 (20 nM), a chemokine released
by macrophages, was used to stimulate the cells. Changes in [Ca2+]c
were quantiﬁed with the ratiometric dye Fura-2. Modiﬁed Ca2+-free
Krebs solution was applied to exclude Ca2+ inﬂux from the
extracellular space. After the addition of fMLP or IL-8, [Ca2+]c
increased to a maximum within the ﬁrst 0.5 min (Fig. 4A and B). In
the following 3.5 min, [Ca2+]c diminished to nearly background
levels. The increase of [Ca2+]c was due to Ca2+ release fromFig. 4. Ca2+ release from intracellular stores in neutrophil granulocytes upon stimulation by
were stimulated with (A) 0.1 μM fMLP (n=7) or (D) 20 nM IL-8 (n=4), in all cells an increas
stores, the cells were pre-incubated with 0.1 μMTG for 30 min in modiﬁed Krebs solution and
by (B) fMLP (n=5) or (E) IL-8 (n=6). In this condition, increase in [Ca2+]c was observed in
(12 cells/60 cells) stimulated with IL-8 (E,●). The previous experiment was repeated using a
in 20.0% of the cells (14 cell/70 cells) stimulated with fMLP (C,●) and in 25.7% of the cells (18
of the responsive cells. The grey symbols represent the average value of those cells in whicintracellular stores, since the experiments were performed in the
absence of extracellular Ca2+.
To unravel whether the SERCA-independent intracellular Ca2+
stores were also involved in intracellular Ca2+ signals, neutrophil
granulocytes were pre-treated with 100 nM TG before agonist
stimulation in Ca2+-free solution in order to deplete SERCA-
dependent Ca2+ stores (see Materails and methods). In this
condition, an increase in [Ca2+]c was observed in 38.7% (29/75) of
the cells stimulated with fMLP (Fig. 4B) and in 20.0% (12/60) of the
cells stimulated with IL-8 (Fig. 4E).
Since high doses of TG are reported to inhibit SPCAs too [24,25], TG
was used at a 100-fold higher dose (10 μM) in Ca2+-free solution to
deplete SERCA- and SPCA-dependent Ca2+ stores. In this condition,
the majority of the cells did not respond to agonist stimulation, while
in 20.0% of the cells (14/70 cells) stimulated with fMLP (Fig. 4C) and
in 25.7% of the cells (18/70) stimulated with IL-8 (Fig. 4F) only a small
increase in [Ca2+]c was observed.
3.4. Ca2+ release from intracellular Ca2+ stores contributes to the
activation of neutrophils
In response to chemoattractant stimulation and following a
transient increase in [Ca2+]c, neutrophils attach to the substrate and
polarize, thereby establishing a distinct leading edge (pseudopod) andfMLP or IL-8. Experiments were performed in Ca2+-free modiﬁed Krebs solution. Cells
e of [Ca2+]c was observed. To assess Ca2+ release from SERCA-independent intracellular
subsequently incubated with Ca2+-free modiﬁed Krebs solution before the stimulation
38.7% of the cells (29 cell/75 cells) stimulated with fMLP (B,●) and in 20.0% of the cells
higher concentration of TG (10 μM). In this condition, increase in [Ca2+]c was observed
cells/70 cells) stimulated with IL-8 (F,●). All traces with black symbols are the average
h an increase in [Ca 2+]c was not observed after stimulation (B, C, E, F bfx1N).
Table 1
Migration of neutrophil granulocytes in different conditions
Condition fMLP IL-8
Krebs 94%±2 (n=4) 59%±3 (n=6)
Ca2+-free Krebs 47%±6 (n=3) 37%±3 (n=4)
Ca2+-free Krebs with 0.1 μM TG 28%±2 (n=6) 20%±2 (n=4)
Ca2+-free Krebs with 10 μM TG 8%±2 (n=6) 9%±2 (n=6)
Ca2+-free Krebs with 0.1 μM TG and BAPTA-AM 6%±1 (n=4) 5%±1 (n=4)
Chemokinesis was induced in neutrophils by 0.1 μM fMLP or 20 nM IL-8 in four different
conditions. Excluding Ca2+ inﬂux from the extracellular space by the application of Ca2+-
free solution strongly reduced the number ofmotile neutrophils (by about 20–50%). The
addition of the SERCA-speciﬁc inhibitor TG (0.1 μM) caused a further decrease (by about
20%). The application of higher concentration of TG (10 μM)which causes the inhibition
of SPCAs in addition to SERCAs, or the complexing of [Ca2+]i by BAPTA almost completely
abolished the migratory behaviour.
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chemotactic factors can be used as a rapid test for activation of
neutrophil granulocytes [28]. Following the experimental treatment,
neutrophils were ﬁxed and shape changes were evaluated using light
microscopy. In the four applied conditions (see Materaials and
methods), two different types of morphologies were observed:
round and protruding cells (Fig. 5B–D). For each condition, the relative
number of both forms was counted. The condition without fMLP
stimulation in Ca2+-free HBBS was used as control condition, inwhich
74.5%±0.5 (n=4) of the neutrophils remained round and 25.5%±0.6
(n=4) changed shape (Fig. 5A). This change was due to the handling
of the cells, and it was regarded as background (Fig. 5A grey line). After
6 min of stimulationwith 0.1 μM fMLP in Ca2+-containing solution the
number of protruding cells increased to 64.0%±1.5 (n=4), i.e. 38.5%±
1.5 after subtraction of the background. In Ca2+-free condition less
shape change occurred (27.3%±1.8 (n=4)). Following SERCA-speciﬁc
inhibition by 100 nM TG, the number of protruding cells further
decreased to 15.5%±1.3 (n=4). By the simultaneous addition of both
100 nM TG and the Ca2+ chelator BAPTA-AM the occurrence of
protrusions was almost abolished (3.0%±0.9 (n=4)).
3.5. Both SERCA-dependent and SERCA-independent Ca2+ stores
contribute to the motility of neutrophil granulocytes
Directed migration of neutrophils to sites of infection is crucial for
the host's immune defence against pathogens [2,32,33]. In modiﬁedFig. 5. Fast shape changes induced by fMLP in neutrophils. Neutrophils were stimulated
with 0.1 μMfMLP for 6min in four different conditions 1. Ca2+-containingHBSS; 2. Ca2+-
free HBSS; 3. Ca-free HBSS supplemented with 0.1 μM TG (pre-incubated for 30 min);
and 4. Ca-free HBSS containing 0.1 μM TG and 100 μM BAPTA-AM (pre-incubated for
30 min). Non-stimulated cells in Ca2+-free HBBS were used as control. The number of
cells that kept their original rounded shape (B) or responded with the extension of
small (C) or long (D) lamellipodia was counted and statistically analysed (A). Cell
numbers (∼300–500) are derived from counting three microscopic ﬁelds per condition
in each experiment (n=4). The horizontal line represents the background activation
level, which is due to the handling of the cells. Statistical signiﬁcance between the
marked conditions was calculated using one-way ANOVA-test and indicated by
asterisks (⁎⁎Pb0.005, ⁎⁎⁎Pb0.0005). (Scale bar=10 μm).Krebs solution 94%±2 (n=4) of the neutrophils stimulated with
0.1 μM fMLP migrated, while only 59%±3 (n=6) showed motility
when20nMIL-8wasused as a stimulus.When the Ca2+ inﬂux from the
extracellular space was inhibited by incubation in Ca2+-free modiﬁed
Krebs solution, themigration activity decreased to about half, i.e. to 47%±
6 (n=3) with fMLP and to 37%±3 (n=4) with IL-8. To inhibit Ca2+
release from SERCA-dependent stores, neutrophil granulocytes were
pre-incubated with 100 nM TG (see Materials and methods). In this
condition, the migration activity further decreased to 28%±2 (n=6)
with fMLP and to 20%±2 (n=4)with IL-8 (Table 1). Furthermore, also
a 100-fold higher, non-selective concentration of TG (10 μM)was used
that inhibits both SERCAs and SPCAs. In this condition, the migration
activity of neutrophils was reduced signiﬁcantly, 8%±2 (n=6) active
cells remaining with fMLP and 9%±2 (n=6) with IL-8. To unravel
whether the remaining migratory activity after speciﬁc SERCA
inhibition was really dependent on an intracellular source of Ca2+,
rises of [Ca2+]c were prevented by intracellular Ca2+ chelation using
BAPTA-AM (see Materials and methods). In this condition, the
migration was almost completely abolished, i.e. 6%±1 (n=4) of
active cells remaining with fMLP and 5%±1 (n=4) with IL-8.
For four experimental conditions the behaviour of one represen-
tative cell in response to fMLP (0.1 μM) is shown (Fig. 6). In the
presence of extracellular Ca2+, smooth movement of the tail was
apparent during migration (Fig. 6A). As shown above, in the absence
of extracellular Ca2+ neutrophils maintained motility but to a lesser
extent (Fig. 6B). After inhibition of Ca2+ accumulation into SERCA-
dependent intracellular stores by 100 nM TG, the motility of
neutrophils was further hampered. After the addition of TG, cells
still explored the environment by extending protrusions into different
directions (Fig. 6C, white arrows), yet they remained anchored to the
surface at the same place. After the inhibition of Ca2+-dependent
processes by the Ca2+ chelator BAPTA, neutrophils were incapable of
anymovement, not even protrusion formationwas observed (Fig. 6D).
The establishment of polarity and subsequent motility following
chemoattractant stimulation of neutrophils involves a rapid remodel-
ling and reorientation of the actin cytoskeleton [34]. In order for a
neutrophil tomaintain persistentmotility, migrating neutrophilsmust
break adhesive contacts with the substrate at the rear and establish
new contacts at the leading edge. Furthermore, intracellular Ca2+
levels are believed to be implicated in the disassembly of the
contractile elements at the rear [35]. As we showed, the partial or
complete inhibition of Ca2+ accumulation into intracellular stores
hindered themotility of neutrophils. This fact suggests that the rises in
[Ca2+]c required for the reorganization of the actin cytoskeleton
during migration were likely due to Ca2+ release from intracellular
stores. To conﬁrm this assumption, F-actin staining was performed in
0.1 μM fMLP-stimulated neutrophils in Ca2+-free modiﬁed Krebs
solution using the ﬂuorescent dye NBD-phallacidin in three different
conditions (see Materials and methods): 1. no pre-incubation 2.
SERCA-speciﬁc inhibition or 3. SERCA-speciﬁc inhibition combined
with intracellular Ca2+ chelation by BAPTA. In all three conditions, the
Fig. 6. Fluorescence images illustrating typical effects of Ca2+ on themigration of fMLP-stimulated neutrophils. Neutrophils were stimulatedwith 0.1 μM fMLP in different conditions.
340 nm excitation of Fura-2 is shown and the images are focused on themovement of a representative cell in different conditions. In the presence or absence of extracellular Ca2+, the
majority of the neutrophils were capable of directional movement (A, B). However, the inhibition of Ca2+ accumulation into SERCA-dependent intracellular stores by TG clearly
hampered the motility of neutrophils (C). Cells extended pseudopods (white arrows) in different directions, yet they remained anchored to the surface. The complete chelation of
intracellular Ca2+ with BAPTA fully inhibited the movement of neutrophils (D). (Scale bar=10 μm).
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preferred direction, similar to non-activated cells (Fig. 7A, D and G). In
Ca2+-free solution, the staining pattern of the actin cytoskeleton in
round and in polarized cells was clearly different. In the latter, the
F-actin staining was conﬁned only to the leading edge of the cells
(Fig. 7B). However, in Ca2+-free solution following TG (100 nM) or the
combined TG and BAPTA (100 μM) pre-incubation such clear
polarization was never observed, only a minor asymmetric rearrange-
ment of the actin cytoskeleton occurred, even in polarized cells
(Fig. 7E and H). Therefore, at the level of the actin organization, the
major Ca2+-dependent effect seems to be related to inhibition of the
SERCA pumps.
4. Discussion
Cell migration is a dynamic, cyclical process which contributes to
many essential physiological processes [36]. Motility is particularly
important for leukocyte function and the inﬂammatory response. A
complex system of signal transduction molecules, including tyrosine
kinases, second messengers (such as [Ca2+]c transients) is thought toregulate the cytoskeletal rearrangements underlying leukocyte migra-
tion [36,37]. The initial step for cell migration is polarization and
extension of pseudopods which in many cell types include the
reorientation of the Golgi apparatus and the microtubule organizing
centre in front of the nucleus, oriented towards the leading edge [34].
Although the speciﬁc role of the Golgi apparatus in these processes is
not known, it might contribute to the extension of pseudopods by
providing fresh membrane and its associated proteins needed for the
forward protrusion and by releasing Ca2+ as second messenger. Pettit
and Hallett [38] described two distinct Ca2+-storage sites in
neutrophils: one store located at the centre of the cell near and often
between the nuclear lobes and another one at the cell periphery,
immediately below the plasmamembrane. The central Ca2+ store was
deﬁned by electron microscopy as the only prominent membranous
structure, and characterized as vestigial Golgi or Golgi-like ER [39],
while the peripheral stores were suggested to correspond to calcio-
somes, small Ca2+-storing organelles with a widespread distribution
throughout neutrophils [40]. Both the central and the peripheral Ca2+
stores function as sites for Ca2+ release. Ca2+ is released from
peripheral stores at sites of integrin engagement and clustering,
Fig. 7. Reorganization of the cytoskeleton in neutrophils upon fMLP stimulation.
Confocal images of neutrophil granulocytes ﬁxed 3 min after stimulation with 0.1 μM
fMLP in Ca2+-free solution (A, B), in Ca2+-free solution pre-incubated with 0.1 μM TG
(D, E) or Ca2+-free solution pre-incubatedwith 0.1 μMTG and 100 μMBAPTA-AM (G, H)
and stained with NBD-phallacidin (green) and DAPI (blue). For all three conditions, a
round-shaped (A, D, G) and a typical protruding cell (B, E, H) are presented. Phase
contrast images of the protruding cells (C, F, I) showing the lamellipodia (arrows).
(Scale bar=10 μm).
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by fMLP [36]. Because of the possible importance of the Golgi complex
in neutrophils, it is of great interest to investigate whether the Golgi-
localised SPCA-type Ca2+ pumps could play a role in Ca2+ signaling
and in associated processes like shape change and migration.
We documented the sub-cellular location of the Golgi apparatus by
ﬂuorescence microscopy using live and ﬁxed cells. Whereas the live-
cell staining pattern mainly showed a typical Golgi localization close
to the nucleus, the immunocytochemical results indicated both a
juxta-nuclear and a peripheral staining. The latter is reminiscent of
the observation of Pettit and Hallett [38] on the two distinct Ca2+
stores mentioned above. The different patterns of Golgi staining in live
and ﬁxed neutrophils is at variance with other cell types, where the
ceramide-based vital dyes and immunocytochemical procedures
using Golgi protein markers both reveal a Golgi complex close to the
nucleus [29]. We conﬁrmed this similarity for our labeling system
using HeLa cells as reference. The difference with neutrophils may be
due to the cell type and/or to the difference in the ﬁxation procedure
which for neutrophils includes a cytospin step. Thus, the Golgi
markers used in this study did not allow to unambiguously specify the
location of a typical Golgi apparatus, but they might indicate
the existence of Golgi-like membranes both in the centre and at the
periphery of neutrophil granulocytes.
The expression of the Golgi-type Ca2+ pumps SPCA1 and SPCA2
as well as the ER pumps SERCA2b and SERCA3 was demonstrated
by Western blotting and immunocytochemistry. SPCA1 is consid-
ered to be a housekeeping protein. The expression of SPCA2 mRNA
is restricted to speciﬁc cell types. This suggests a more specialized,but presently unknown function of this pump. Demonstration of
SPCA2 at the protein level proved to be difﬁcult. Along with
intestinal goblet cells [23] and hippocampal neurons [41], neu-
trophils are up till now the only cell types in which the
endogenous expression of SPCA2 protein could be demonstrated.
In most cell types the Golgi complex and the ER can be clearly
differentiated by visualizing SPCA1 and SERCA2b as also was
shown in HeLa cells. However, in human neutrophils SPCAs and
SERCAs were localized at the cell periphery as well as in between
the lobes of the nucleus and thus probably contribute to Ca2+
accumulation into the intracellular Ca2+-storage sites of both
regions. Accordingly, unlike other cell types, the distinct intracel-
lular Ca2+ stores in neutrophil granulocytes cannot be distin-
guished by differential SPCA or SERCA immunostaining. We
conclude that these short-living highly specialized cells after their
ﬁnal differentiation probably do no longer contain separate and
well-deﬁned ER and Golgi apparatus, but at least partially merge
the function of these organelles in both central and peripheral
compartments.
Since both SPCA1 and SPCA2 are expressed in neutrophils and co-
localize with SERCAs, we further investigated whether SERCA-
independent cellular responses occur in this cell type. However, a
speciﬁc inhibitor of SPCAs is not yet available. Furthermore, speciﬁc
inhibition of SPCA pumps using siRNA is not feasible in neutrophils
because of their very short lifespan (see Materials and methods).
Because of these technical limitations, the only highly speciﬁc tool is
the inhibition of SERCAs by nanomolar concentrations of TG.
The chemotactic factors fMLP and IL-8 are known to activate the
PLC-signaling pathway, producing IP3 and opening IP3-sensitive Ca2+
channels. Our measurements of cytosolic Ca2+ signals in Ca2+-free
solution and in the presence of TG demonstrated that these agonists
release Ca2+ from both the SERCA-dependent and the SERCA-
independent parts of intracellular stores. Using the same conditions
as for the neutrophils, we have performed experiments on several
other cell types: HaCat, HT29 and LLC-PK1 cells. These cell lines are
derived from cell types that have been shown to possess an
important Golgi Ca2+ store, respectively human keratinocytes,
human colon epithelium and pig proximal tubule [16,17,23] How-
ever, in none of these cells could a SERCA-independent releasable
Ca2+ store be detected (unpublished data). The human neutrophil
granulocyte is the only cell type in which agonist-induced Ca2+
release from SERCA-independent stores could be demonstrated.
Because of the high expression levels of SPCA1 and SPCA2 in
neutrophils, we presume that the SERCA-independent Ca2+ storage
is mainly accomplished by the SPCA-type Ca2+ pumps. If true, the
TG-insensitive Ca2+ release should be inhibited by micromolar
concentrations of TG, which was shown to inhibit SPCAs in addition
to SERCAs [27]. The addition of 10 μM TG indeed abolished the Ca2+
transient in most cells or reduced the signal close to the background.
However, we cannot exclude the possibility that the inhibition of
Ca2+ transients could be partially due to an increase in passive Ca2+
efﬂux from intracellular Ca2+ stores, which has been reported as an
additional effect of micromolar concentrations of TG [42].
To unravel whether the Ca2+ release of SERCA-independent Ca2+
stores is functionally important, we investigated the effect of a range
of experimental conditions on neutrophil shape change and migra-
tion. The shape change experiments showed that both inﬂux of
extracellular Ca2+ as well as the release of Ca2+ by intracellular stores
loaded via SERCAs and SPCAs contribute to the activation process of
neutrophil granulocytes. The analysis of cellular migration of human
neutrophil granulocytes during chemokinesis (Table 1) also suggest
that beside the considerable contribution of Ca2+ inﬂux from the
extracellular space, Ca2+ release from both SERCA-dependent and
-independent intracellular Ca2+ stores play a signiﬁcant role in
neutrophil migration. We observed that cellular motility of neutro-
phils was highly hampered by SERCA-speciﬁc inhibition using TG
1049S. Baron et al. / Biochimica et Biophysica Acta 1793 (2009) 1041–1049(Fig. 6C). Neutrophils were still able to extend protrusions into
different directions, yet they remained anchored to the surface at the
same place. In this condition, also the reorganization of the actin
cytoskeletonwas strongly inhibited and the addition of BAPTA did not
induce any further effect. Therefore, we concluded that the Ca2+
necessary for the reorganization of the actin cytoskeleton to enable
the cells to move forward is predominantly derived from SERCA-
loaded intracellular stores. However, the addition of BAPTA did induce
further reduction of the motility of neutrophils, even protrusion
formation was absent (Fig. 6D). These results suggest that the SERCA-
independent, SPCA-loaded intracellular Ca2+ store essentially con-
tributes to the completion of protrusion formation.
In summary, our results show that neutrophils do not contain
separate and well-deﬁned Golgi and ER compartments, but merge the
function of these organelles in Ca2+ stores located in distinct juxta-
nuclear and peripheral regions. Alongwith SERCA2b and SERCA3, both
SPCA isoforms SPCA1 and SPCA2 are expressed in human neutrophils.
The Ca2+ stored by both SERCA-dependent and SERCA-independent
(presumably SPCA-dependent) stores can be mobilized by IP3-
producing agonists and contribute to the Ca2+-dependent processes
of cellular migration.
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